Abstract. In this work, three conformers of an aromatic amide derivative are theoretically analyzed. The theoretical methods used were based on the Kohn-Sham version of the density functional theory, considering three exchange-correlation functionals of different types: PBE, TPSS and B3LYP. The results obtained using these methods were compared to those obtained by the many-body perturbation theory to second order (MP2). All these methods where coupled with the 6-311++G(d,p) basis set. The X-ray structure was used as a starting point in the conformational search, as all the methods considered in this work had predicted that this structure would be the conformer with the highest energy, thus obtaining the first important result for this system. The second most important result discovered in this work refers to the large differences found in the predicted structures when applying DFT methods, as compared to the MP2 method. We attribute such differences to dispersion terms not included in the exchangecorrelation functionals considered; such a hypothesis is corroborated when a model system (stabilized by dispersion effects) is analyzed by applying the four theoretical methods. By incorporating dispersion effects with the exchange-correlation functional, we found they compared more favorably with the wave-function correlated method. Key words: Weak Interactions, Dispersion Forces, Grimme Correction, C-H…π Interaction, DFT, MP2, Amide Derivatives.
Introduction
Amide molecules are significantly important in biological systems, as they contribute to the backbone of protein molecules [1] . Amides are particularly important in this regard, as the NH group acts as a good hydrogen bond donor with weak acid properties. Secondary amide NHCO groups generally adopt the trans configuration, which facilitates linear-chain networks suitable for forming important supramolecular structures [2] [3] [4] . In particular, acetamide clusters have been employed in order to comprehend the cooperativity of hydrogen bonding interactions [5] [6] [7] [8] [9] [10] , because they serve as simple model systems mimicking the hydrogen bonds, observed in polypeptides and proteins. Recently, acetamide derivatives have also been studied as anthelmintic agents [11] , anti-tuberculosis drugs [12] , antioxidants and potential anti-inflammatory substances [13] , all of them substituted acetamide with aromatic rings. In all these cases the conformation adopted by each molecule may determine the interaction with the target and their selection of it; consequently the conformation adopted will define their biological activity.
In this sense, a conformational study of acetamide derivatives is interesting in terms of many fields of chemistry; as depending on the geometry, the possibility of forming hydrogen bonds may change, and this would result in different associations and likewise different chemical and physical properties.
Lately, computational chemistry has been widely used to explain the chemical and physical properties of materials, using electronic structure as a starting point. In particular, the application of different approaches within Density Functional Theory (DFT) has proved successful for this purpose [14, 15] . However these approaches manifest certain handicaps known to experts in these theories, who have made several proposals for overcoming these problems; for example it is known, that many of most popular exchange-correlation functionals fail to correctly predict long-range interactions [16] . This problem is not only important in terms of the formation of dimers or adducts, but also concerning the correct description of geometrical molecular conformations. In particular, it has been shown that the weak intramolecular CH/π hydrogen bond [17] plays a significant role in organic chemistry conformations [18] [19] [20] and crystal packing [21] . In typical CH/π hydrogen bonds involving sp 3 -and sp 2 -CH groups as the hydrogen donor, the stabilization of the complexes (between 1.5 to 2.5 kcal mol -1 ) is derived from dispersion forces.
In this work, a theoretical study of the molecular structure of the N-(2-benzoylphenyl) acetamide (Figure 1 ) is carried out. In our study, the intramolecular weak CH/π interaction is the main focus along with its role in affecting the predicted geometrical conformation in gas phase; the experimental X-ray structure has been reported previously and is also discussed here [22] . Naturally, we expect weak energy interactions in the case of this kind of contact and thus we propose the methanebenzene interaction as a model for studying dispersion effects and their consequences on our molecular system.
Methodology
Three exchange-correlation functionals, of varied type have been considered in this work: PBE [23], B3LYP [24] and TPSS [25] . Additionally, the dispersion correction proposed by Grimme [26] has been included in the three exchangecorrelation functionals (DFT-D); in fact we had to use a hybrid density functional where the Grimme parameters were defined (B3LYP). The Moller-Plesset many-body perturbation approach to second order (MP2) [27] has been considered, in order to compare the DFT results with other quantum chemistry techniques. All these methods have been coupled with the 6-311++G(d,p) basis set [28] . The reason for this basis set is based on the knowledge of the impact of diffuse functions on the hydrogen bond description and the computational cost implied when applying the MP2 method, so this basis set provides a good balance between these two elements. The methane-benzene adduct was used as a model of the C-H…π interaction presented by the molecule in this study. The curve of the interaction energy between benzene and methane was constructed by single point energies, computed using the same three DFT exchange-correlation functionals mentioned above and the same basis set, the Grimme correction was also included. In the adduct, one of the methane hydrogen is pointing towards the center of the benzene ring, as predicted for other methods described in the literature. At least, eleven single point energies were used for each DFT exchange-correlation functional and DFT-D computations in the interaction curve. All computations were carried out employing the NWChem program [29] .
Results
The three most stable structures identified for the N-(2-benzoylphenyl)acetamide are presented in Figure 2 . In this figure, conformer 1 corresponds to the X-ray experimental structure. From this structure, the other 2 conformers (2 and 3 in Figure 2 ) were obtained by rotating the dihedral angles displayed in the same figure. The DFT and MP2 methods considered in this work were applied to these structures and a frequency analysis was carried out applying the DFT methods, in order to ensure that these structures are minima on the potential energy surface. These structures indicate evident differences between conformer 3 and the corresponding experimental information. Whereas the X-ray structure exhibits a compact structure, conformer 3 shows an extended conformation, stabilized by an N-H···O hydrogen bond.
The corresponding relative energies obtained applying the DFT and MP2 methods are presented in Table 1 . From this table, we can conclude that the most stable structure in gas phase does not correspond to that found in solid phase; in fact the structure found in the crystal shows the highest energy among the three conformers considered in this work, although MP2 does not connote a substantial energy difference between the three conformers. One reason for the discrepancy between the gas and solid phases is related to the forces necessary for the packing in the solid phase. By evaluating the dipole moment (µ) for the three conformers, it is apparent that conformer 3 connotes the greatest value for this property (in the MP2 method Fig. 1. Geometrical structure of the N-(2-benzoylphenyl) acetamide. The representation of the dipole moment vector for the three conformers is depicted in Figure 3 and in the same figure the electrostatic potential is also plotted. The blue colour represents negative values for the electrostatic potential whereas the red represents positive values. By analyzing the electrostatic potential, it was found that for conformer 3, the negative values for this quantity (provided mainly by the oxygen atoms) are always opposite to the positive values which induce a large value on the dipole moment. In the case of conformers 2 and 3, the oxygen atoms are opposite with respect to each other and for this reason their dipole moments are not so substantial. The large dipole moment of 1 may be responsible for stacking in the solid phase. Evidently, this proposition must be confirmed by comparing the energies of these conformers using periodic boundary techniques, but this is outside the scope of this study. The structure of conformer 3 predicted by DFT methods is quite similar to that obtained with MP2. However, the DFT-MP2 difference is more pronounced for conformers 1 and 2, especially for conformer 2 where the RMS is around 0.50 Å when DFT and MP2 structures are compared; in Figure 4 , the comparison between the B3LYP and MP2 geometries is presented as an example. It can be seen in this figure that the main difference can be observed in the case of the CH 3 group, which is pointing to the benzene ring in the structure predicted by the MP2 method, whereas in the case of the geometry obtained by B3LYP this is not evident. One possible reason of this discrepancy is that the MP2 method is revealing certain weak intramolecular interactions that the DFT approaches are not able to portray. In order to prove this hypothesis, the complex benzene-CH 4 was studied here, using the same methods and basis set functions. This complex is very well studied and is known for manifesting an attractive interaction; the preferred geometry configuration depicts one of the hydrogen atoms of the methane pointing to the center of the benzene ring [30] . The estimated energy interaction (∆E int ) for this configuration using CCSD(T) as the basis limit is 1.454 kcal/mol [31] .
We tested the methods considered in this work for the benzene-CH 4 complex in its preferred configuration; in the diagram of Figure 5 , we present only the MP2 and PBE results for the sake of simplicity. As is apparent in this figure, MP2 clearly presents a minimum in the potential energy surface of the benzene-CH 4 complex, whereas PBE presents only a slight minimum, in a way similar to that portrayed by TPSS. B3LYP however does not predict an attractive interaction for this complex. This behaviour is due to the lack of dispersion terms in these DFT approaches. However Grimme [26] proposed an empirical correction for this erroneous behaviour, incorporating the dispersion effects on the total energy. In Figure 5 , the potential energy surface is presented for the benzene-CH 4 complex computed with PBE and corrected by applying Grimme's approach (PBE-D). It is obvious in this figure that this correction improves the benzene-CH 4 interaction. We applied this correction as implemented in NWChem code [29] to all DFT methods studied here, in order to estimate the ∆E int for the ben- zene-CH 4 complex, the results are: -1.7 kcal/mol for B3LYP, -1.9 kcal/mol for PBE and -2.0 kcal/mol for TPSS. All of these DFT approaches including the Grimme correction produce an attractive interaction in the benzene-CH 4 complex, however even with the dispersion correction, the energy interaction of DFT falls far short of the MP2 prediction (-2.4 kcal/mol). We know that corrections for basis set superposition errors must be implemented in order to adjust our estimations especially in the case of the MP2 method, but this is not the intention of this discussion. We want to emphasize that without the dispersion correction, the DFT approaches do not predict an attractive interaction between a CH 3 group and a benzene ring as that presented by the target molecule of our study and this is the reason why MP2 and DFT approaches give different conformations, when these interactions are present. With this result in mind, we re-optimized the N-(2-benzoylphenyl)acetamide with all DFT approaches adding the dispersion correction (results in parenthesis in Table 1 ) and the geometries obtained were in greater conformity with those obtained with MP2.
Analyzing the results in Table 1 , the DFT results are found to be consistent, whether or not the dispersion correction is applied (number in parenthesis); all of the DFT relative energies are quite different from those obtained when applying the MP2 method. The role of the dispersion correction on the conformational energies is evident; this correction reduces the relative energies but this reduction is not enough to reach the MP2 values, this may be because MP2 overestimates the stabilization energy of these contacts, as it does in the case of the benzene-CH 4 complex.
Conclusions
The gas phase conformation of the N-(2-benzoylphenyl)acetamide predicted by theoretical methods is stabilized by a N-H···O hydrogen bond, whereas in the X-ray structure adopted by the molecule it connotes a conformation that may be stabilized by intermolecular electrostatic interactions. The conformer stabilized by this N-H···O hydrogen bond is quite similar in all the theoretical methods used in this work, however the weaker interactions that stabilize other conformers are not predicted in a similar way by MP2 and the DFT approaches, consequently the predicted geometries and conformer stabilization energies do not concur. When a dispersion correction is included in DFT approaches, the geometries become increasingly similar but the relative energies predicted by MP2 and DFT continue to disagree which may be due at least in part, to the fact that MP2 tends to over estimate these weak interactions.
